Nowadays, broilers are to an ever-increasing extent marketed frozen by means of the »cold chain». If frozen, and then stored at a low temperature, broilers keep for a much longer time than if subjected to chilling alone. As regards microbiological changes, frozen storage should allow of them being kept indefinitely. However, limits are imposed by the harmful chemical changes which occur above all in fats and proteins. The rancidity of fats may currently be effectively prevented or retarded by suitable packaging, e.g. by application of the Cryovac method. Information on the changes which take place in the muscle proteins is still rather scanty. Nevertheless, it is upon the proteins that there depend such important properties as the tenderness, palatability and juiciness of the meat. These properties may be influenced in the growth phase of chickens by attention to suitable growing conditions, particularly with respect to nutrient composition. Also, the treatment of chickens before and after slaughtering is very important from the point of view of the quality of the product. Immediately after slaughtering, chicken muscles are soft, but they soon become progressively hard and rigid (the state of »rigor mortis»). The speed and strength of rigor changes depend on many factors, such as the temperature and the amounts of glycogen and energy-rich phosphorous compounds, creatine phosphate (CP) and adenosine triphosphate (ATP). In the state of rigor, meat is very tough. If, however, it is allowed to age in the chilling space, it gradually begins to become tender, and the state of rigor is resolved. Whereas the changes which occur at the onset of rigor (disappearance of glycogen, formation of lactic acid, a corresponding lowering of pH, loss of ATP) are relatively well known, the changes involved in the resolution of rigor are still generally a matter for conjecture. Different
authors have assumed that changes in connective tissue, dissociation of the main component of the muscle protein, actomyosin, and a rise in its solubility, an increase in the hydration of muscle proteins, or proteolysis, are responsible (for discussion, see 39) .
As regards chicken, only a few limited experiments have been made on the onset and resolution of rigor (7, 9, 28) . Furthermore, information or. the related question concerning the stage at which it would be most advantageous to freeze the broilers is rather contradictory. Thus, Fitzgerald & Nickerson (12) recommended keeping for 2-3 days; again, Hanson et al. (16) reported that there was no increase in the tenderness of breast meat 3 hours after death at + I.7°C, whereas the thigh continued to increase in tenderness up to 42 hours after death. Koonz et al. (23) found greater differences in the breast muscles than in those of the leg, and considered that the changes proceeded for up to 24 hours. Pool et al. (34) stated that most of the change in the tenderness took place within 4 hours, and that very little if any change occurred after 12 hours at O°C.
With respect to the effect of freezing on quality, and particularly on tenderness, but few published reports have been found. Pool et al. (34) state that tenderization arrested by freezing proceeds at about the normal rate on thawing, and that cutting up the carcass in the early post-mortem period has a slight toughening effect. They also mention that the aging period can potentially be imposed as well at the stage of chilling as frozen storage or thawing. The rapid rigor brought about by freezing and thawing in the pre-rigor state (»thaw rigor») causes, according to de Fremery & Pool (7) , a significant increase in the toughness of excised chicken muscles. However, this increase can be partially reversed by aging for 24 hours in the thawed state. Shrimpton (35) , on the other hand, reported that none of the young chickens stored frozen was tough, and concluded that if toughness is found, its presence is likely to have been attributable to adverse conditions during the bird's life. Prolonged frozen storage may result in identifiable changes, although raw chicken is one of the products which keep well at all freezing temperatures (18) .
It consequently appears from the above that the effects of aging, freezing and frozen storage on the muscle proteins of broilers need further clarification. This question is of both theoretical and practical interest. It may be mentioned that chicken is a favourable object for the study of post-mortem changes, since the birds may be grown under controlled conditions with respect to breed, diet and other factors, and thus the material is rather homogeneous. Another point of advantage is that the post-mortem changes in chicken are rapid in comparison with those in beef, for instance, as has been pointed out by Weinberg & Rose (38) .
It has been observed in experiments with fish, that during freezing and frozen storage there take place great changes in the solubility of the muscle proteins, above all in the myofibrillar proteins (29, 30, 31, 32) . Such a loss in solubility is connected with a lowering of quality. If the solubility loss is only temporary, it may be related to rigor changes, but if it is irreversible, it may be referred to as denaturation of the proteins concerned (cf. 33). In this study, an investigation was made as to whether solubility changes in the muscle proteins of broilers occur during freezing and frozen storage. First of all, it was necessary to decide how to fractionate and analyse the proteins in question, and then to apply these methods to samples at different phases of aging and storage. In addition, the pH and waterbinding capacity were studied with a view to characterizing the properties of proteins, and organoleptic testing was used to check the general quality.
Experimental
Material. The subjects of experiment were 9-week-old White Rock broilers (average weight approximately 1 kg) whose diet and other growing conditions had been controlled. The chickens, which had not been starved, were slaughtered in the ordinary way in an industrial processing plant, the operations being as follows; electrical stunning, scalding in water at 52°C for 5 minutes, wet feather picking, evisceration and washing. This treatment took approximately 30 minutes. Immediately afterwards, the carcasses were chilled by immersion in slush ice. In freezing experiments, the chilling time was usually 1 hour, following which the carcasses were allowed to drain on racks at 2°C. In the normal course of processing, the broilers were then packed in Cryovac film and frozen overnight in an air blast tunnel at -35°C. In the experimental series reported here, the treatment and storage temperature varied, and are described separately in the different series.
Fractionation of muscle proteins of broilers Methods. As starting material, fresh breast muscles were utilized after the broilers had been chilled for 1 hour. The fat, bones and connective tissue were removed, and the muscles were used for fractionation of the proteins and analysis of the nitrogen compounds.
The method of fractionation was the same as that which the authors had applied succesfully in the investigations of muscle proteins of fish (29, 30) . The muscles were ground in a meat mincing machine, and the soluble proteins extracted from the ground mass with a Top Drive Macerator (Townson & Mercer Ltd.) at 10 000 rpm. the solvent being sodium chloride solution of ionic strength I = 0.855, buffered to pH 7.0 with sodium bicarbonate (0.16 per cent). For 45 g muscle mass, 950 ml salt solution was used, the extraction time was 5 minutes, and the temperature O°C.
Fractionation of the proteins was effected in accordance with the following scheme (Fig. 1) .
In the analysis of the most important protein fractions there were determined the total N of the breast muscle of the broiler from the minced muscle, the soluble N in the muscle extract, the »myosin» N (= actomyosin N + myosin N) in the fraction precipitated after dilution with water to I = 0.085, and the non-protein N in the filtrate after trichloroacetic acid precipitation (these fractions are specifically marked in the scheme). Nitrogen determinations were made by means of the Kjeldahl-Gunning-Arnold method (1) except for »myosin» N, which was assayed in accordance with the micro-Kjeldahl method (2) . The amounts of total protein N, soluble protein N, sarcoplasmic protein N and stroma protein N were arrived at by difference. These results indicate that the extraction of soluble proteins, when using the macerator and saline (I = 0.855, pH 7) is accomplished quantitatively in a very short time. The condition is, however, that mixing of air into the homogenate is prevented by using a macerator of suitable construction (top drive macerator), along with the plate suggested by Dyer et al. (10) below the surface of the solution. By this means, foaming and the resultant denaturation of proteins during extraction can be completely avoided, contrary to the opinions of Dingle et al. (8) and Khan (20) .
The (38) used correspondingly I = 0.225 and 0.05. However, it is frequently sufficient to analyse only the most important components, the »myosin» fraction and sarcoplasmic proteins, which can be assayed rather rapidly by application of the method reported above. Consequently, this method is well suited to following the changes in solubility which may occur in the muscle proteins of broilers during processing and frozen storage.
Very few results concerning the proportions of muscle proteins in broilers are available for comparison. Khan (20) , using chickens at the age of 4 months, obtained proportions of the myofibrillar, sarcoplasmic, and stroma proteins in the total protein N amounting to 54, 30 and 12 per cent respectively. These results are in rather close agreement with the present conclusions, particularly when there is borne in mind Khans observation that with increasing age of the chickens, the amount of stroma protein also increases, whereas the myofibrillar protein decreases, and the proportion of sarcoplasmic proteins remains nearly constant. Thus, in the breast muscle of chickens the amounts of stroma proteins at the ages of 4 months and 1 year, calculated as above, are 12 and 16 per cent respectively. In this instance, the chickens were younger than those of Khan and correspondingly the amount of stroma proteins was no more than 11 per cent, whereas that of the myofibrillar proteins was higher than Khans figure, viz. 59 per cent.
The effect of aging, freezing and frozen storage on the proteins of broilers If the methods employed in following the post-mortem changes are compared, it can be noted that organoleptic testing gives information on the changes in tenderness; after the rigor phase, during its resolution, tenderness gradually increases. Physical measurements, particularly the evalution of toughness by measurement of shear force, are reported to be in close correlation with organoleptic testing. These methods have been those mainly used in the study of post-mortem changes in chicken. However, certain chemical analyses such as the determination of gly-cogen, ATP, lactic acid and pH have been employed for characterization of the rigor changes; these are suitable only in following the onset of rigor, since the changes which take place at this phase are not reversed during the resolution of rigor. This also applies with respect to the elastic properties of muscle; the loss of extensibility is not reversed when rigor is resolved. As regards the solubility of muscle proteins, the onset of rigor evidently implies a sharp decrease in buffer-extractable proteins, a fact probably connected with the lowering of pH to near the isoelectric point of both myosin and actomyosin (39) . However, changes which occur in the solubility of the myofibrillar proteins during the resolution of rigor are less clear. In beef, it seems that the solubility of this protein fraction is not restored during tenderization (see 39) . In chicken, where the resolution of rigor is more rapid than in beef, Weinberg & Rose (38) have found the solubility of myofibrillar proteins to be increased during aging. Nonetheless, no investigations have been made of the effect of freezing on the solubility of proteins. This is an important question when it is borne in mind that the freezing and frozen storage of fish cause a loss of solubility connected with quality losses. Another factor which has not been studied is the water-binding capacity in chicken muscle proteins. It has been stated (see 39) that factors such as tenderness, texture, drip on freezing and thawing, and shrinkage on cooking are all related to the degree of hydration of the muscle proteins. Consequently, it was deemed necessary to make an examination of the effects of aging, freezing and frozen storage for different lengths of time on the solubility of the muscle proteins, on the pH and water-binding capacity. Simultaneous organoleptic testing was used as a control. However, the small amount of breast muscle in these young broilers made it impossible to obtain this information for the whole of the series. The employment of leg muscles for sensory analysis as was done by Shrimpton, was considered inadequate since the speed of tenderization of breast and leg muscles seems to differ (cf. 16, 37) . As studies of the tenderness of chicken meat had earlier been made by organoleptic and physical methods in particular it was believed that the present investigation would provide complementary information with regard to questions not studied hitherto.
Methods. Protein fractionation and analysis were carried out in the manner described above. The water-binding capacity was determined according to the method of Grau & Hamm (13) , by measurement of the amount of »free» water (»lockeres Wasser»), stated as a percentage of the total weight of the muscle. This amount is inversely proportional to the water-binding capacity. Grilled broilers were used for organoleptic testing.
The broilers were slaughtered in the way outlined above. The freezing of whole birds packed in Cryovac film was effected either immediately after slaughtering, without chilling (I), or after aging at -f 2°C for 1 day (II), 2 days (III) or 6 days (IV). The freezing temperature was 10°C, and storage temperature also 10°C. The high temperature for freezing and storage was chosen by virtue of the necessary storage time being shortened as a result; such a so called »accelerated method» is nowadays currently used on studying the changes in quality which occur in frozen products (19) . It is assumed that the changes of the quality in frozen products are approximately the same at high and low frozen storage temperatures, but that they occur earlier at the former. For instance, clearly discernible changes in chicken are to be found at 10°C after some 200 days, whereas at 20°C this occurs only after some 900 days (18, 22) . Analyses of the samples which had been thawed in the package at room temperature for 5 hours (during this period, they had not completely thawed) were made after progressively increased periods of storage, viz. 0,1, 4,7, and 11 months at 10°C. The samples for organoleptic testing were thawed overnight at room temperature, and grilled for 50 minutes.
Results. Figure 2 presents Secondly, the effect of frozen storage at 10°C requires evaluation. A general feature is that the muscle proteins of broilers show no definite loss of solubility during frozen storage extending over 11 months, despite the rather unfavourable storage temperature. During this period, the amounts of »soluble protein» and extractable »myosin» fractions remained almost unchanged on the level of fresh chicken, except in specimens frozen immediately after slaughtering (I). In this last-mentioned case, the amount of extractable »myosin» had been abruptly reduced after 1 month of frozen storage. However, this change was reversible, as after 4 months storage the solubility of »myosin» was again restored, and even exceeded the original value. Against this, it may be mentioned that in fish the »myosin» fraction is the one in which occurs the loss of solubility during frozen storage (cf. 31).
The corresponding changes in water-binding capacity and pH in the breast muscle of broilers during the same period are presented in Table 2 . This table shows that during the storage the pH of the muscle remained nearly constant, the limits being pH 5.70 and 5.90. According to Shrimpton (35) , the original pH of fresh chicken muscle before rigor is 7.05. De Fremery & Pool (7) have stated that the rigor state is attained in the excised muscles of broilers of 10 to 16 weeks age at room temperature within 2-4 y 2 hours after slaughtering, and that the pH of the muscle then reaches its ultimate value, pH 5.8-5.9. Against this, Shrimptons experiments (35) showed that under the most usual processing conditions the state of rigor in the muscles of whole chickens is already reached 10 minutes after slaughtering. In any case, in our experiment with whole chickens the onset of rigor was completed, on the basis of the pH values, after the slaughtering treatment, the minimum duration of which was approximately 30 minutes; this result is in close accord with that reported by Shrimpton. As regards the amount of »free» water present in the fresh breast muscle of chicken, this was found to be greatest immediately after slaughtering (I); after aging at + 2°C for 1 day it was slightly less and during the course of aging for 6 days remained at nearly the same level. In freezing and frozen storage, the amount of »free» water first showed irregular fluctuations, but later, after 11 months storage, there was observable a rise of »free» water in all cases. This was at its peak (50 per cent) in chickens frozen without aging (I).
In conclusion, the water-binding capacity, which is inversely proportional to the amount of »free» water, is diminished after slaughtering (rigor mortis state), and also seems to decrease after prolonged frozen storage. It can be concluded from these results that aging is favourable for the water-binding capacity, but the difference between aging for 1 and 6 days seems insignificant.
In the organoleptic evaluation, it was found that those broilers not allowed to age were rubbery and tough in consistency, both immediately after slaughtering and after frozen storage for 1 month. In contrast, aged broilers were all tender at the corresponding phases, i.e. before freezing and after 1 month's storage. No differences which could be ascribed to the length of the aging period were found in the degree of tenderness between these broilers subjected to aging.
On the basis of the pH, it is evident that broilers which were not aged had already been in the rigor state before freezing. As a consequence, the meat of such broilers was tough. If these broilers were additionally frozen, stored for 1 month, and thawed, no definite tenderization had occurred during these phases. Accordingly the tenderization achieved in all the other series was due to the aging.
Published reports contain some observations on the possibility of changes taking place during frozen storage. According to Partmann (33) the splitting of energy-rich nucleotides (e.g. ATP) in chicken muscle is completed at B°C in 10-25 days, whereas at -24°C, after 6 months, 70-100 % of the initial ATP content is still present. Thus completion of the onset of rigor may take place even in the frozen state, with the speed dependent on the storage temperature. Tenderization in the frozen state may also occur. Pool et aL (34) reported that although no appreciable tenderization in chicken took place in frozen carcasses at O°F (= 18°C) over a 4 month period, significant tenderization occurred at 25-27°F (= 2 4°C) when they were kept for several days. In the present instance, the temperature was lower than in the last-mentioned case; thus no definite tenderization had occurred in 1 month at 10°C.
The results of organoleptic testing seem to agree with the information found in literature (cf. survey by Pool et al. 34 ).
Discussion
If the results obtained are put into perspective with earlier practical experience in the field, organoleptic evaluation should be considered first. It appears that studies have been principally concerned with the effect on the tenderness of treatment before freezing, but the effect of frozen storage is not so clear. The present finding, that aged broilers were all tender agrees, for instance, with the results obtained by Shrimpton (35) , that only tender broilers were obtained when the aging period before freezing had been at least 2 hours. By contrast, freezing without aging here gave tough meat, both before freezing and after frozen storage for 1 month. This agrees with the result of Lowe (25) , that chickens frozen within 2 hours after killing were less tender than those aged for 24 hours before freezing. Hanson Stewart et al. (36) , the difference between fresh and frozen broilers becomes highly significant after 51 days of storage, although the least favourable storage temperature was 2O.5°C. Jul (18) (37) found that during chilled storage, the solubility of »myosin» in breast muscle aged for [18] [19] [20] hours remained unchanged at a high level for 5 weeks, but they noted an increase in the solubility in thigh muscle during the early part of such storage. The authors thus concluded that tenderization of leg meat is related to the increase in protein extractability during the first week of storage. It seems, then, that the increase in the solubility of »myosin» is a characteristic feature in post-mortem tenderization in chicken, in contrast to the poor correlation of these factors in beef. A similar trend was observed in the present results, although the occurrence of the loss in solubility owing to the onset of rigor was somewhat delayed. It is particularly interesting to note that no loss of solubility was observable during prolonged storage, a result confirmed by similar observations of van den Berg et al. as far as aging is concerned, whereas no results as regards frozen storage are available for comparison. It may be emphasized that in the present experiments the conditions of frozen storage were made purposely unfavourable. Nevertheless, no definite loss in solubility of »myosin» occurred during 11 months, irrespective of the length of aging of the chickens before freezing. This is in sharp contrast to the findings with respect to fish, studied earlier by the authors (29, 30, 31, 32) , but in agreement with the statement of Jul (18) that raw chicken keeps well at all freezing temperatures. However, the present results show that the water-binding capacity of breast muscles is diminished after 11 months of frozen storage.
The special feature of the structure proteins in fish is that their association in muscle is much looser than in homoiothermic animals. This is shown, for instance, in the ease of extraction of tropomyosin and actomyosin from fish muscles as compared with the corresponding proteins of rabbit (14, 15) . Conversely, it is more difficult to extract pure myosin from fish muscle than from the muscles of warmblooded animals (15) , since the extractants remove myosin and actin together from the fish muscle, and these proteins combine in the extract to form actomyosin (6) . This loose structure of the fish muscle may also cause the great lability of the structure proteins and their susceptibility to various external factors. The current experiments emphasize the different stability of structure proteins in various classes of animals.
Summary
A method has been introduced for the analysis of protein fractions in chicken, in analogy with similar fractionation used for fish muscle proteins. The percentage figures for the most important protein fractions in the breast muscle of 9-week-old broilers were found to be: sarcoplasmic protein 30, »myosin» 59, giving a total of soluble proteins of 89, and stroma proteins 11 per cent.
This method was applied to follow possible changes in the solubility of »myosin» during post-mortem aging and subsequent freezing and frozen storage. At the same time, there were determined the pH and water-binding capacity. Organoleptic evaluation was used as a check.
It was found that the solubility of »myosin» was lowered only in broilers frozen without aging, after 1 month of storage. Simultaneously, water-binding capacity was lowered, and the meat proved tough by organoleptic test. Prolonged frozen storage, by contrast, caused no loss in solubility of »myosin». The water-binding capacity was lowered after prolonged storage, particularly in broilers frozen without aging.
